The pentatricopeptide repeat (PPR) proteins form one of the largest families in higher plants and are believed to be involved in the posttranscriptional processes of gene expression in plant organelles. It has been shown by using a genetic approach focusing on NAD(P)H dehydrogenase (NDH) activity that a PPR protein CRR4 is essential for a specific RNA editing event in chloroplasts. Here, we discovered Arabidopsis crr21 mutants that are specifically impaired in the RNA editing of the site 2 of ndhD (ndhD-2), which encodes a subunit of the NDH complex. The CRR21 gene encodes a member of the PPR protein family. The RNA editing of ndhD-2 converts the Ser-128 of NdhD to leucine. In crr21, the activity of the NDH complex is specifically impaired, suggesting that the Ser128Leu change has important consequences for the function of the NDH complex. Both CRR21 and CRR4 belong to the E؉ subgroup in the PLS subfamily that is characterized by the presence of a conserved C-terminal region (the E/E؉ domain). This E/E؉ domain is highly conserved and exchangeable between CRR21 and CRR4, although it is not essential for the RNA binding. Our results suggest that the E/E؉ domain has a common function in RNA editing rather than of recognizing specific RNA sequences.
The pentatricopeptide repeat (PPR) proteins form one of the largest families in higher plants and are believed to be involved in the posttranscriptional processes of gene expression in plant organelles. It has been shown by using a genetic approach focusing on NAD(P)H dehydrogenase (NDH) activity that a PPR protein CRR4 is essential for a specific RNA editing event in chloroplasts. Here, we discovered Arabidopsis crr21 mutants that are specifically impaired in the RNA editing of the site 2 of ndhD (ndhD-2), which encodes a subunit of the NDH complex. The CRR21 gene encodes a member of the PPR protein family. The RNA editing of ndhD-2 converts the Ser-128 of NdhD to leucine. In crr21, the activity of the NDH complex is specifically impaired, suggesting that the Ser128Leu change has important consequences for the function of the NDH complex. Both CRR21 and CRR4 belong to the E؉ subgroup in the PLS subfamily that is characterized by the presence of a conserved C-terminal region (the E/E؉ domain). This E/E؉ domain is highly conserved and exchangeable between CRR21 and CRR4, although it is not essential for the RNA binding. Our results suggest that the E/E؉ domain has a common function in RNA editing rather than of recognizing specific RNA sequences.
Arabidopsis ͉ chloroplast T he plastid genome encodes Ϸ120 genes that are involved in photosynthesis and housekeeping functions in higher plants. Marked changes in plastid gene expression take place during chloroplast development from undifferentiated proplastids (1) . The process is accompanied by the conversion of the transcriptional machinery from nucleus-encoded phage-type RNA polymerase to plastid-encoded bacterial-type RNA polymerase (2) . Once plastids are developed, however, plastid gene expression is preferentially regulated at the posttranscriptional level (3) via RNA splicing, RNA processing, RNA editing, RNA degradation, and translation (4) . Because the chloroplast genome lacks apparent regulatory genes, chloroplast gene expression is modulated by nucleus-encoded factors. A number of nucleusencoded factors involved in the posttranscriptional processes have been identified by genetic and biochemical strategies (4) .
A growing mass of information supports the idea that the pentatricopeptide repeat (PPR) protein family is involved in posttranscriptional regulation of gene expression in both plastids and mitochondria. The family members are defined by the tandem array of a PPR motif, which is a highly degenerate unit consisting of 35 aa (5) . The PPR protein family is extraordinarily large, especially in higher plants, containing 466 members in Arabidopsis and 480 in rice (5) . Most PPR proteins are predicted to target plastids or mitochondria (5) . Maize CRP1 is required for the translation of petA and psaC and for the processing of petD (6, 7), whereas Arabidopsis CRR2 is required for intergenic RNA processing between rps7 and ndhB (8) . Arabidopsis HCF152 is essential for both splicing of petB and intergenic RNA cleavage between psbH and petB (9, 10) . Arabidopsis PGR3 is involved in the stabilization of petL RNA operons and may be also involved in the translation of petL and one of the ndh genes (11) . Members of the PPR protein family are also involved in the suppression of cytoplasmic male sterility (CMS) possibly via RNA processing or editing of CMSassociated transcripts (12) (13) (14) .
In Arabidopsis, roughly half of the PPR proteins are in the PLS subfamily, also referred to the plant combinatorial and modular protein (PCMP) subfamily, which is specific to land plants (5, 15) . The PLS subfamily exhibits a variable tandem repeat of a standard pattern of three PPR variant motifs (5) . The association or not of this repeat with three non-PPR motifs at their C terminus subdivides the PLS subfamily into a further four subgroups; PLS, E, Eϩ, and DYW (5, 15) . The expansion of the PLS subfamily in plants may be due to accommodation to the specific characteristics of plant organelles, for example, RNA editing which is unique to land plants (5, 15) .
In higher plants, RNA editing is a posttranscriptional process of altering a specific C nucleotide to U in an RNA molecule in mitochondria and plastids (16) (17) (18) (19) . By contrast, U to C conversion has also been shown to occur frequently in both ferns and hornworts (20, 21) . In higher plants, Ϸ30 editing sites have been detected in the genomes of plastids and Ͼ400 in mitochondria (22) (23) (24) (25) . For site-specific RNA editing, a cis-element is essential and consists of Ͻ30 nt surrounding the editing site and, in some cases, a 5Ј sequence distal from the editing site in plastids (26) (27) (28) (29) . A nucleus-encoded factor responsible for the specific RNA editing event was discovered in the genetic study of photosynthetic electron transport. The Arabidopsis crr4 mutants are defective in RNA editing, which creates the translational initial codon of the plastid ndhD gene (the ndhD-1 site) (30) . The ndhD gene encodes a subunit of the chloroplast NAD(P)H dehydrogenase (NDH) complex that is involved in cyclic electron flow around photosystem I (31, 32) . The CRR4 gene encodes a member of the PPR protein family and belongs to the Eϩ subgroup (30) . We recently showed that the recombinant CRR4 expressed in Escherichia coli directly binds to the 25 nucleotides of the upstream and the 10 nucleotides of the downstream sequences surrounding the editing site of ndhD-1, confirming our model in which a PPR protein is a trans-factor essential to recognition of the RNA editing site (33) .
In this study, we report the discovery of a second PPR protein, CRR21, which is essential for a specific RNA editing event in plastids. These findings suggest that the C-terminal domain in the E and Eϩ subgroups might have a common function among trans-factors of RNA editing in chloroplasts. 
Results
Arabidopsis crr21 Mutants Were Defective in NDH Activity. The chloroplast NDH complex catalyzes electron donation to plastoquinone (PQ) from the stromal electron pool. The NDH activity can be monitored as a transient increase in chlorophyll fluorescence after turning off actinic light (AL) (31, 34, 35) . The increase in fluorescence is due to reduction of PQ by the stromal electron pool which accumulates during AL illumination. We focused on this change in fluorescence to identify Arabidopsis crr mutants with altered NDH activity (8) . More than 10,000 transposon-tagged lines of Arabidopsis were constructed by using the Activator(Ac)/Dissociation(Ds) system, and the flanking sequences of Ds elements were determined (36, 37) . In more exhaustive screening for crr mutants, we analyzed a series of mutant lines which have insertions of Ds transposons in the genes encoding putative plastid-targeting proteins directly by using pulse amplitude modulated (PAM) fluorometry. Fig. 1 shows a typical trace of the chlorophyll fluorescence level in the wild type. In crr21 mutants, the transient increase in fluorescence level after the AL illumination was suppressed (Fig. 1) , indicating that NDH activity was impaired.
CRR21 Encodes a Member of the PPR Protein Family. In two independent mutants, crr21-1 and crr21-2, the At5g55740 gene was disrupted by independent insertion of Ds ( Fig. 2A) . Both mutants had a recessive nature and co-segregated with the Ds insertions (data not shown). To confirm that the crr21 phenotype is due to defects in At5g55740, wild-type genomic DNA covering the sequence encoding At5g55740 was introduced into both crr21-1 and crr21-2. This complementation fully restored the transient increase in chlorophyll fluorescence after AL illumination (Fig. 1) . We concluded that the crr21 phenotype was due to the disruption of At5g55740 and that crr21-1 and crr21-2 are allelic. The CRR21 (At5g55740) gene is not interrupted by any introns and encodes a putative protein consisting of 830 aa. The program TargetP 1.1 predicted that the first 59 aa were the target signal to plastids [ Fig. 2 A and supporting information (SI) Fig.  7 ]. BLAST and Pfam database searches showed that CRR21 is a member of the PPR protein family and contains 16 characteristic PPR motifs, including one PPR-related motif in the E motif ( Fig. 2 A and SI Fig. 7 ). According to the recent bioinformatic classification of PPR proteins (5, 15) , CRR21 belongs to the Eϩ subgroup of the PLS subfamily that contains the E and Eϩ motifs following a tandem array of PPR motifs ( Fig. 2 A and SI Fig. 7 ). In addition, CRR21 contained an unknown motif consisting of 15 aa (PGCSxI/VExxGxV/IHxF), which is highly conserved in some PPR proteins, including CRR4 ( 
RNA Editing of the ndhD-2 Site Was Specifically Impaired in crr21
Mutants. Several PPR proteins are involved in the RNA maturation processes such as RNA processing, stabilization, translation, and editing in organelles in higher plants (7) (8) (9) 11) . This fact suggests that the RNA maturation process of the chloroplast ndh gene(s) would be impaired in crr21. To assess this possibility, RNA editing of ndh genes was analyzed by directly sequencing RT-PCR products. We confirmed that 16 editing sites present in the ndh genes in another Arabidopsis ecotype, Columbia (38, 39) , were also conserved in the Nössen ecotype that is the background for crr21 (SI Table 1 ). Fig. 3A shows the result of the direct sequencing of RT-PCR products around the RNA editing site 2 of ndhD (ndhD-2). In the wild type, cDNA carrying T at ndhD-2 predominated and corresponds to the edited RNA encoding serine rather than leucine. In contrast, this site was not edited in transcripts from crr21 mutants ( 1). Fig. 3B shows a semiquantitative analysis of RNA editing extent using a restriction enzyme that digests only cDNAs derived from unedited RNA molecules. RT-PCR products subjected to the analysis covered the region from Ϫ154 to ϩ29 (taking the ndhD-2 site as ϩ1). In the wild type, almost all cDNA was resistant to the restriction enzyme, indicating that the ndhD-2 site is fully edited. In contrast, almost all cDNA was digested in both alleles of crr21, indicating that the editing of ndhD-2 was totally inhibited in crr21 mutants (Fig. 3B ). To estimate more accurate efficiency of RNA editing, cDNA including the editing site was amplified by PCR and cloned in E. coli. One hundred independent clones were analyzed by digestion with MboI to detect cDNA originating from the edited RNA molecules. Consistent with the estimation of semiquantitative analysis, 99% of molecules were edited in the wild type (Fig. 3C ). In contrast, no molecules were edited in crr21 mutants (Fig. 3C) , supporting the idea that crr21 mutants are a null allele. Twentyeight editing sites have been identified in the plastid genome of Arabidopsis to date (39) . To investigate whether other sites are edited in crr21 mutants, we analyzed RNA editing in all of the editing sites. Except for the ndhD-2 site, we did not find any defects in RNA editing in crr21 mutants (SI Table 1 ).
In Arabidopsis, ndhD is polycistronically transcribed with the upstream gene psaC, and then processed into monocistronic RNA (40, 41) . The crr21 defect may indirectly affect RNA editing via aberrant RNA processing. To test this possibility, the intergenic RNA cleavage between psaC and ndhD in crr21 mutants was analyzed in an RNA gel blot. The hybridization pattern was identical between the wild type and crr21 mutants (Fig. 4) , indicating that the defect in RNA editing is not caused by a primary defect in RNA processing between psaC and ndhD. We also analyzed other plastid-encoded ndh transcripts. All of the hybridization patterns were identical between the wild type and crr21 mutants (SI Fig. 8 ). These results suggest that the crr21 defect is specific to the RNA editing in the ndhD-2 site.
Activity of the NDH Complex Was Specifically Impaired in crr21
Mutants. The RNA editing of ndhD-2 converts Ser-128 of NdhD (uCa) to leucine (uUa). This amino acid alteration may destabilize the NdhD subunit. It is also possible that the defect in RNA editing may interfere with translation. To assess whether the mutant form of NdhD is stable in vivo, a protein blot was performed by using an antibody against NdhD. In both alleles of crr21, the NdhD level was not affected (100-50% of the wildtype level) (Fig. 5A) . The NDH complex is unstable without the NdhD subunit (30) and the antibody against NdhH can be used to monitor the accumulation of NDH complex. In both alleles of crr21, the NdhH level was also comparable to the wild-type level (100-50%) (Fig. 5A) . Because the editing of ndhD-2 was below the detection limit (Fig. 3C) , the majority (probably almost all) of NdhD accumulating in crr21 was translated from unedited RNA. The Leu-128 remains as serine in NdhD of crr21, and the residue is essential for activity, but not for stability of the NDH complex. Consistent with our idea, the Leu-128 of NdhD is generated by RNA editing in most dicot plants and is also encoded by the genome of monocot plants (Fig. 5B) (22) . This leucine is conserved as a valine that is structurally similar in NdhD homologs of other organisms such as cyanobacteria and E. coli (Fig. 5B) .
The protein blot experiments were also performed to assess the accumulation of the major photosynthetic complexes by probing their representative subunits. The levels of the subunits of photosystem I, photosystem II, cytochrome (Cyt) b 6 f complex, and chloroplast F 0 F 1 -ATPase in crr21 mutants were the same of those in the wild type (Fig. 5A) . Consistent with these results, crr21 mutants did not show any phenotypic changes in photosynthetic electron transport except for NDH activity (data not shown). Thus, crr21 mutants are specifically impaired in the RNA editing of ndhD-2.
The E/E؉ Domain Has a Conserved Function Between CRR4 and CRR21.
We previously reported that CRR4, a PPR protein, is essential for the RNA editing of ndhD-1 (30). CRR21 does not show a significant sequence similarity to CRR4 with respect to PPR motifs; this is consistent with the idea that a tandem array of PPR motifs is involved in the recognition of a specific RNA sequence. However, the array of PPR motifs is followed by the E and Eϩ motifs, which are well conserved between CRR4 and CRR21 as well as some members of the PPR protein family. Fig. 2B shows the alignment of the C-terminal region of CRR4 and CRR21. Although CRR4 lacks the C-terminal 16 aa of Eϩ motif, the remaining sequence of the E and Eϩ motifs is well conserved. Notably, the boundary of the E and Eϩ motifs that includes a PPR-related motif and the 15-amino acid motif is highly conserved (Fig. 2B) . This region showed 44% sequence identity (61% similarity) between CRR4 and CRR21. The highly con- served C-terminal region (E/Eϩ domain) might have a common function between CRR4 and CRR21, rather than the specific function of recognizing distinct RNA sequences. To assess this possibility, CRR4 truncated in the E/Eϩ domain was expressed in crr4-3, in which RNA editing of ndhD-1 is completely impaired (30) . NDH activity was drastically impaired in the transgenic lines, although a trace amount of the transient increase in chlorophyll fluorescence was detected after AL illumination (Fig. 6A) . In these plants, the amount of NdhD and NdhH was undetectable level (at least less than 12.5% of the wild type) (Fig. 6B) . Efficiency of ndhD-1 RNA editing was also significantly reduced in the plants (7% of molecules were edited) (Fig. 6C) . It is noted that the ndhD-1 site is partially edited, even in the wild type (42%). We considered that the E/Eϩ domain is required for activity of the editing. It is possible that the E/Eϩ domain is required for RNA editing via binding to the target RNA. To test this possibility, an RNA binding activity for the target RNA sequence (RB3 probe) that includes the 25 upstream nucleotides and the 10 nucleotides in the downstream sequence surrounding the ndhD-1 site was determined by using the recombinant CRR4 lacking the E/Eϩ domain. As shown in SI  Fig. 9 , the retarded band was detected with increasing amount of CRR4 lacking the E/Eϩ domain and the K d value of 1.8 nM. This binding affinity was almost the same as that of 1.6 nM for the entire CRR4. These results indicate that the E/Eϩ domain is not important for high-affinity binding to RNA.
Although CRR4 and CRR21 are involved in different editing events by recognizing distinct target RNAs for editing, conservation of the E/Eϩ domains suggests a common function for these domains. If this interpretation is true, the domain might be exchangeable between two PPR proteins. The E/Eϩ domain of CRR4 was therefore exchanged with that of CRR21, and the chimeric gene was introduced into the crr4-3 allele. Both the transient increase in chlorophyll fluorescence after AL illumination (Fig. 6A) , and the NdhD and NdhH levels (Fig. 6B) were restored by introducing this chimeric gene. We also confirmed that the introduction of the chimeric gene restored the RNA editing of ndhD-1, although the efficiency of RNA editing in transgenic plants (31%) was slightly lower than that in the wild type (42%) (Fig. 6C) . We also performed a reciprocal experiment in which the E/Eϩ domain of CRR21 was exchanged with that of CRR4, and the chimeric gene was introduced into crr21-1. The transient increase in chlorophyll fluorescence after AL illumination was restored by introducing this chimeric gene (Fig. 6A) . We confirmed that this change in NDH activity was not accompanied by any increase in the level of NdhD and the NDH complex (Fig. 6B) . We also confirmed that the introduc- tion of the chimeric gene restored the RNA editing of ndhD-2 (Fig. 6D) . These results suggest that the E/Eϩ domain in CRR4 and CRR21 have a common function in RNA editing.
Discussion
Here, we showed that a PPR protein, CRR21, is specifically required for RNA editing in the ndhD-2 site in Arabidopsis chloroplasts. This finding follows our initial discovery of a PPR protein, CRR4, which is required for RNA editing in the ndhD-1 site (30) . The hypothesis that a PPR protein functions as a site-recognition factor in plastid RNA editing was confirmed biochemically (33) . Discovery of the second PPR protein functioning in RNA editing in chloroplasts improved our knowledge of the editing machinery in chloroplasts. CRR4 was discovered to be a site-recognition factor for RNA editing of the ndhD-1 site. The RNA editing of ndhD-1 has characters that distinguish it from those in other sites (i) This RNA editing creates a translational initiation codon rather than altering the coding amino acid; and (ii) this site is partially edited and its editing extent is developmentally regulated, suggesting that it may play a role in the regulation of ndhD translation (30, 40) . Although we have provided solid genetic and biochemical evidences to indicate that this PPR protein is a site-recognition factor for RNA editing, it may still be possible that CRR4 is essential for stabilizing the edited RNA molecule via regulating translation rather than by direct involvement in RNA editing. However, CRR21 is involved in the RNA editing which alters the coding amino acid, and the editing takes place in all RNA molecules. It is unlikely that the RNA editing is secondarily affected via a defect in RNA stabilization in crr21. The intergenic RNA cleavage between psaC and ndhD was also not affected in crr21 mutants (Fig. 4) , as was the case in crr4 (30) . Translation is also unlikely to be primarily affected by the crr21 defects, because the ndhD-2 site is fully edited in crr4, in which ndhD mRNA does not have a translational initiation codon (30) . These facts indicate that RNA editing is independent from the translation. From these results, it is clear that the PPR proteins are directly involved in RNA editing.
Translation preceding RNA editing may produce mutant versions of proteins. There may be a form of regulation that suppresses the translation of unedited RNA molecules. However, the mutant phenotypes strongly suggest that almost all of the NdhD accumulating in crr21 had been translated from unedited transcripts (Fig. 5A) , suggesting that the status of editing is not a determinant of translation. Consistent with our observations, both edited and unedited rps12 transcripts are translated in plant mitochondria, but only the edited translation products accumulate in mitochondrial ribosomes (42) . These results indicate that translation products from unedited transcripts are selectively degraded. However, it is unlikely that unedited ndhD mRNA is subjected to translation in the wild type, because it would lead to the accumulation of the inactive NDH complex. We believe that RNA editing of ndhD-2 precedes the translation in the wild type, but that editing is not necessarily essential for translation. Thus, we conclude that crr21 is directly defective in RNA editing of ndhD-2, rather than indirectly through other effects that might influence the editing process. There is also no evidence to suggest that CRR4 is involved in translation that would consequently affect the editing process.
Both CRR4 and CRR21 belong to the Eϩ subgroup of the PLS subfamily. Although the tandem array of PPR motifs shows some diversity as to length and the sequence between CRR4 and CRR21, the E/Eϩ domain is highly conserved (Fig. 2) . Biochemical analyses of PPR proteins have suggested that the PPR motif acts as an RNA-binding motif (5, 10, 43) . The sequence of the E motif is also related to the PPR motifs. However, the sequence of this C-terminal PPR motif in the E motif diverges to some degree from the N-terminal PPR motifs, suggesting that it has distinct function. In consistent with these observations, truncation of the E/Eϩ domain of CRR4 did not affect to an RNA binding activity (SI Fig. 9 ), suggesting that the N-terminal PPR motifs of CRR4 are sufficient for binding to target RNA. Moreover, we demonstrated that truncation of the E/Eϩ domain of CRR4 drastically decreased an RNA editing activity of ndhD-1 in vivo and the E/Eϩ domain is exchangeable between CRR4 and CRR21 (Fig. 6) , suggesting that the E/Eϩ domain in CRR4 and CRR21 have a common function in RNA editing.
We cannot eliminate the possibility that the E/Eϩ domain is essential for stabilizing CRR4 rather than the CRR4 function in vivo. To test the case, we constructed a chimeric gene so that the N-terminal end of CRR4 truncated in the E/Eϩ domain was fused with the HA-epitope tag and introduced it into crr4-3. Transgenic lines showed the same phenotypes in NDH activity, NdhD level, and RNA editing extent of ndhD-1 with the lines transformed with the same construct without HA-epitope tag (data not shown). However, although the accumulation of mRNA was confirmed by RT-PCR, the antibody against HAepitope tag could not detect the truncated CRR4-HA protein (data not shown). This result is consistent with our previous report that CRR4 protein level remained low even by overexpression possibly via unknown regulatory mechanism (30) . Although we could not show the stability of the truncated CRR4 in vivo, it is likely to be stable, because the truncated CRR4 expressed in E. coli is active for RNA binding as the full version (SI Fig. 9 ).
Another PPR protein CRR2 (a member of the DYW subgroup) that contains all of the motifs present in CRR4 and CRR21 is specifically involved in the RNA processing but not RNA editing (8) . Furthermore, truncation of the E/Eϩ domain did not cause complete loss of an RNA editing activity in vivo (Fig. 6 ). These observations suggest that the E/Eϩ domain is unlikely to be domains that catalyze the reaction of RNA editing. This is contrasting to crr4-3, in which the final three PPR motifs are also lost (Fig. 2 A) resulting in a complete lack of the RNA editing activity (30) . Bioinformatic evidence indicates a different evolution for the PPR region and the C-terminal PPR motifs in the PLS subfamily, pointing to a distinct function (15) . These results suggest that several C-terminal PPR motifs might be involved in a common function in RNA editing as well as the E/Eϩ domain. We propose that the C-terminal region of CRR4 and CRR21 including the E/Eϩ domain might interact with an editing enzyme catalyzing C to U, which is still unclear, or another component of the editing machinery.
Materials and Methods
Chlorophyll Fluorescence Analysis. Chlorophyll fluorescence was measured by using a MINI-PAM portable chlorophyll fluorimeter (Walz, Effeltrich, Germany). The transient increase in chlorophyll fluorescence after turning off AL was monitored as described (31) .
Plant Transformation. For complementation of the crr21 mutation, the wild-type genomic sequence surrounded by 5Ј-GAGCT-CATGTCACCTTCTTCTTCTG-3Ј and 5Ј-GAATTCGCAAT-GTCATCAGTGTCAG-3Ј was cloned in pBIN19 vector. The resultant plasmid was introduced into crr21-1 and crr21-2 via Agrobacterium tumefaciens MP90. For the expression of CRR4 truncated in the E/Eϩ domain to be deleted, the wild-type genomic sequence surrounded by 5Ј-GGTACCCGTCA-GAAGGGTAGCTAG-3Ј and 5Ј-GAATTCAAGGTGTTTT-GCGACAAGC-3Ј was cloned in the pBIN19 vector. For the expression of CRR4, in which the E/Eϩ domain of CRR4 is replaced by that of CRR21, the nucleotide sequence encoding CRR4 truncated in the E/Eϩ domain was ligated to the sequence encoding the E/Eϩ domain of CRR21 surrounded by 5Ј-GAATTCCTTGAATCCGAGCCTG-3Ј and 5Ј-GAATTCT-
